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o INVE3TIGATI~OFm~~ COMPRESSOROPERATEDAsA

CENTRIPEMLREFRIGEEW!IONTURBINE

ByJohnJ.Rebeske,Jr.,RichardB.Parisen,andHaroldJ.Schum

A centrifugalcompressorfrcma production-t~turbojetengine.
wassuccessfullyoperatedasa centri@al.refrlgerationturbineover
a rangeofrotorspeed,inletpressure,andQressureratiofor”full
adnission;witha constantinletpressure,theunitwasopemtedover
a rangeofrotorspeedandpr&5sureratioforseveralde-es ofpr-
tialadmission.Performancedataarepresentedfora rangeofncminal
equivalentrotorspeedsandpressureratios. Ata nminalequivalent
rotorspeedof-6600rpu,performanceresultsarepresentedfor m@ous “
turbine-inletpressures(correspondingtopercentagesofthrottlingat
theturbineinlet)andseveraldifferentdegreesofpartialadmission.

I&cmtheforegoingperformanceresults,parthladmissionwas
concludedtobethemoreefficientmethtiofturbineoontrol,althcugh

. throttlingattheturbineinletwaseasiertoapply.
.

A studyofthepossiblecauseoferosionofthenozzlesandthe
. rotorobservedduringtheinvestigationindicatedthatthenozzles

shouldhaveerosion-resistantsurfaces to minimizethisdetrimental
effect.

INTRODUCTION

.

AninvestigationwasundertakenattheNACALewislaboratoryto
determinewhethera centrifugal-flowccqmsssorfroma production-t=
turbojetenginecouldserveasanair-refrigerationunitinthelabora-
toryservicefacilitieswheno“jymatedasa radialcentrip@d.turbine.
Theover-allturbineperfomancewasinvestIgatedintezmsofair-
temperaturedropsmdadiabatictemperature-dropefficiencyovera range
ofrotorspeeds,inlet-airpressures,pressureratios(correspondingto
percentagesof’throttlingattheturbineinlet),anddegreesofpartial
admission.Itwasdesiredtoestablishthebestturbineoperatingspeed

..
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formaximumrefrigerationeffect,to
inletthrottlingasa possiblemeans
dropandtheair-weightflowthrough
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evaluatepartialadmissionand u
forcontrollingtheair-temperature
theunit,andtoobtaininformation

onthepracticalaspectsofoperationoftheunit.

A turbojet-enginecentrifugal-flowcaqm?essorwasthereforesetup
andtheairflowthroughtheunitwasreversedsothatitoperatedasa’
centri~talrefrigerationturbine.Performancedatam presentedin
termsofthevariationinrefrigeratingeffect(inBtu/see),airhorse-
power,temperaturedrop,weightflow,andadiabaticefficiencywith
variousover-allpressureratiosforbothinletthrottlingandpartial
admission.

Anobsemederosionmroblemisdisoussedanda mossiblemethodfor
minimizingitsdetrimental

Thefol&mingsymbols

effectisremmmended.

SWOLS
are used inthisreport:

‘P
hp

N

N/..

P’

Q

w

W@%

AT

AT/e

6

nt

e

speoificheatatconstantpressue,@tu/(lb)(oR)

horsepower,778woPAT/550~@

rotorspeed,rp

equivalentturbine-rotorspeed,Z’PU

totalPseure,(in.Hgabsolute)

equivalenttotalheatextraction,(Btu/see)

—
. .—

.

ah-weight flow,(lb/see)

equivalentair-weightfluw,(lb/see)

temperaturedropaorossturbine,%

equivalenttemperaturedxopaarossturbine,OR

ratioofinlet-air~ssure toN&M standatisea-levelpressure
(29.92in.Hgabsolute)

a~iabattotemperature-dropefficiency P
ratioofinlet-airtemperaturetoNACAstandardsea-leveltempera-
t~ (518.40R)

, .
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Subscripts:.

1 Inletmeasuring

82 inletmeasuring

3 cutletmeasuring

station,

station,

station

upstreamofinletthrottle

dcwnstmamofinletthrottle

3

APPARATUS

A standardturbojet-engineoentrifugd--ccmpresswassemblyccn-
sistingofa double-entryimpeller,a varieddiffiser,anda ccunpressor
casingwasused.Whenthenormalair-flowdirectionthrcughthecan-
yressorwasreversedinthisinvestigation,theunitbecamea turbine,
theimpellerbecametherotor,thedifflzserbecamethenozzles,and
thecompressorcasingbecametheturbinecasing.

Theturbinenozzles (fig. 1(a) )werefabricatedfroma magnesium
alloyandoonsistedof14individualpassages,eachwitha throatarea
of5.5squareinches.Thenozzle-outletangle,asshownonfigurel(a),

10
wasl% . Theqlearancebetweenthetrailingedgesofthenozzleblades
andtherotorbladetipswas2 inches.

Theturbinerotor,fabricatedfroman aluminumalloy,wasa
double-entrytypeconsistingof31Kladesperside(fig.l(b)).The. unitinvestigated.wasassembledwithoutthenormalaccessorydrives
andmountedona bulkheadwhich,inturn,wasboltedtooneendofan

., airtightsteeldepressiontank6 feetindiameterandapproximately
1$ feetinlength.Theturbinerotorwascoupledbya splinedshaft
toa 6.735:1speeddecreaserandwasconnectedtoa 9000-horsepower
variable-frequencyinductiondynamometerthatabsorbedtheturbine-
poweroutput.

Theexperimentalsetupoftherefrigerationturbineisdiagmm-
maticaUyshowninfigure2. Airflowtotheturbine(suppliedbythe
laboratoryrefrigerated-airsystem)passedthrougha submergedad~ust-
ableorificeintheinletdnctingandanelectronicprecipitator,which
removedforeignparticlesfromtheair,intoa toroidslcollector,and
wasdistributedtoeachofthe14nozzle-inletpassages.Aftertheair
hadpassedthroughthenozzles,itenteredtherotoratthebladetips,
passedthroughtherotor,anddischargedintothedepressiontankin
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whiohtheturbineassemblywasmounted.Theairwasthenremovedfrom
thetankbythelaboratoryexhaustfacilities.Turbine-inletand
-cutletpressureswereregulated.bybutterflythrottlevalveslocated
upstreemanddownstreamoftheturbine.

P- oftheinletduotfngandthedepressiontankwasinsulated
tominimizeheattransfer.Anexternaloilingsystemwithprovision
forheatingtheoilwasusedbecausetheturbine-cutlet.temperatures
wereoftheomierof-140°F.

Theturbine-outletinnershroudswerealsoinsulated(fig.2)to
preventtheoilfrmnfreezing.Theentireturbineair-flowpassage
wassealed.andpressure-ohemkedtopreventanypossibilityofair
leakage. .

INSTRUMENTATION

Theair-weightflowthroughthetmbinewasmeasuredbythesub-
mergedadjustableorificelocatedina straightsectionoftheiqlet
duoting● Instrumentationoftheturbineproperisshowninfigure2.
Twototal-pressuretubes,twostatic-pressuretaps,andtwo,thermo-
coupleswerelocatedineachofthe“14nozzle-inletpassagesimmediately
outsidethetankbulkhead.Thisinstrumentationwasusedtodetermine .
thestateoftheairenteringtheturbine.Aftertheairhadpassed
throughthe14inletpassages,itwasturnedthrough90°varied.elbows
(fig.l(a))andenteredthenozzles.A total-pressurerakewasinstalled .
downstreamoftheturning‘vanesinoneofthenozzlePssagestodeter-
minetheetiextofthetotal-preskupsdropcausedbytheelbowandthe
turningvanes.Static-pressuretapswerelocatedoneachsideofa .
nozzleona geometricmean-flowpathahngthelengthofthenozzle.
Twostatic-pressuretayswerealsoinstalledInthe2-inchradial-
clearances~cebetweenthenozzlesandtherotorandonboththefrout
andrearturbinecatershrouds.

Outlet.measurementsweretekeninthedepressiontank.Twothermo-
couplerakesonopposite-@@esofthe&mk.togetherwithtwototel-
pressurerakeswereusedtodeteminethecybletstateoftheair.- Each
ofthetheimmcouplesandpressu~tubeswaslocated,attheroot-mean-
squ~ ~ius oftee ammlarareas.WallstatiotapswereS2S0
locatedinthe- planealongthecircumferenceofthedepressionte&.
Allthede~ssion-tankinstrumentationwaslocatedwelldciwnstreemof
the’turbineassezibly.

● ✍
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. Theprecisionoftheaforementionedmeasurementsisestimatedtobe
withinthefollowinglimits!

o Temperature,%..... . . . . . . . . . . . . . . . . . . . .. +1.0
sm Pressure,in.Hg . . . . . . . . . . . . . . . . . . . . . . .. +0.05

Air-weightflew,lb/see.. . . . . . . . . . . . . . . . . . . .. +0.5
Turbinespeed,rpn . . . . . . . . . . . . . . . . . . . . . . .. +10

PROOEOUE3

Theinvestigationwasdividedintothefollowingthreephases: .

(1)Turbineperfo?.mmcewithvaryingrotorspeed
(2)Turbineperformanceforvariousdegreesofpartialadmission
(3)Turbineperformanceforvarious percentagesofthrottlingat
theturbineinlet

Inordertoestablishturbineperformancewithvariousrotorspeeds,
theunitwasoperatedatarbitrarilyselectednaninale~uivalentrotor
speedsof2380,3950,5200,6800,8100,and9400rpn.Foreaohspeed.,
theinlet-airpressureandtemperatureweremaintainedatapproximately
40.0inchesofmercuryabsoluteand468°R,respectively.Forfull
admission,themaximumover-allpressuRratioovertheentirespeed
rangewaslimited,to3.2bythecapacityofthelaboratoryexhaustfacil-
itiesfortheparticularapparatususedinthisinvestigation.In order

. toestablishturbine-performancetrendswithrotorspeedathigherover-
allpressureratios,theunitwasoperatedwiththreeoftheinletpas-
sagesclosedatncminalequivalentrotorspeedsof5200,6800,and

. 8100rpm.Withthiscontiguration,theover-allyessuz%-ratiorange
waaincreasedto4.5forthethreespeedsinvestigated.

Theturbineperformanceforvariousdegreesofpartialadmission
wasdeterminedbymaintainingncminalequivalentrotorspeed,turbine-
inletpessure,andtemperatureatapproximately‘6800rpn,40.0inches
of~rcuryabsolute,and468°R,respectively.Theunitwasoperated
overa rangeofpressurematiosp’2/p’3frm 1.8to.7.5fordegreesof
p.rtialadmissioncorrespondingto14 (fulladmission),11,8,6,and
4 activenozzles.(Asthenurberofactivenozzlesisdecreased,the
rangeofavailablepressuremtioisincreased.)

Theeffeotivenessofinletthrottlingasa control~smeterwas
ascertainedbyagainmaintainingthenominalequivalentrotorspeedand
inlet-airtemperatureatapproximately6800r~ and468°R,respectively,

. andopezatingtheturbineover a rangeofpressureratiosp‘l/p’~ from

.
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2.0to6.0forseveralinletyressureacorrespondingto
inletthrottlingof0,20,35,50,and65. (Theratio
asthepercentageofinletthrottlingisincreased.)

NACAR4E50120 , “-

percentagesof b

P’1/P’3increases

Anappreciabletotal-pressuredropoccurredthroughthevariedelbows
ofthenozzles(oausedbytb+reversedairflowacrosstheairfoil-shaped
turningvanes,asshowninfig.l(a)).Thispressuredropwasapprox-
imately2.2inchesofmercuryatthemaximumweightflow.Becausethis
oonditioncouldbeeliminatedina pmanentinstallation,allturbine-
inletpressuresandpressureratioswerebasedonthetotalpressure
measuredbythetotal-pressurerakedownstreamoftheturningvanes.
.

Perictiicinspectionsoftheunitweremadeduringtheinvestigation
toobserveanydetrimentaleffeotsoausedbytheoperationoftheturbine
atthelowcutlettemperatures.

. RESULTSMD DISCUSS1ON

Inasmuohastheprincipalobjectiveofthisinvestigationwasto
determinetheeffectivenessofthecompressorwhenoperatedasa refrig-
erationturbine,theperformanceresultsarepresentedina formthat
readilyshowstherefrigeratingeffect.Thiseffecti.sdesoribedbythe
productofequivalenttemperaturedropAT/e,equivalentair-weightflow
w@’/5,andsymificheatof~at constantpressure.,. Theper-
formancecurves showtheequivalentair-weightflowandtemperaturedrop - ‘“
forseveralturbinerotorspeeds,pressureratios,degreesofpartial
admission,andpercentagesofinletthrottling.Theoperationofthe
unitatlowoutlettemperaturesandanobservederosionproblemwillbe
discussed.

x

TurbinePerformanceatVariousRotorSpeeds

Theturbineperformanceforvsriousnominalequivalentrotorspeeds
ispresentedinfigure3. Theequivalenttemperaturedropandequivalent
air-weightflowareshownfora rangeofequivalentspeedsfrom2380to
9400rpmandfora rangeofover-allprexmweratiosp’2/p’3(tote+
pressureenteringtheturbinenozzlesdivided.bythetotalpressurein
thedepressiontank)franl.6to4.5.Adiabatictemperature-dropeff~- ‘“ -
oienciesareshownasoontoursontheplot.

Withfulladmission,themaximumequivalenttemperaturedrop
obtainedata pressureratioof3.2is114°R,andoocul?satanequiva-
lentrotors~edhetween6800and8100rpm(fig.3). Thecorresponding “

.
,.
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8 equivalentair-weightflowis24.0poundsperseoond.whenthepressure
ratioacrosstheturbine”isprogressivelyincreasedfrom1.6to3.2,the
maximumtemperaturedropoccursatincreasingweightflowsandrotor

g
speeds.Themaximumtemperaturedropata givenover-allpssure ratio
representsthemaximumadiabaticturbineefficiencyforthatpressure

N ratio. Therefrigeratingeffect(orequivalenttota3heatetiracted
fromtheair/see)isexpressedbytheequation

Themaximmrefrigemtingeffeot(orQ)isi.ndioatedonfigure3. Ata
constantpres+ ratio,themaximumrefrigeratingeffectoccursat
slightlyhighervaluesofequivalentairfreightflowthanthatatwhioh
themaximunequivalenttemperaturedropoccurs.Justbeyondthesemaxi-
mumvaluesoftemperaturedrop,theweightflowisincreasingata
greaterratethan’thetempemturedropisdecreasing.Operationofthe
unitalongthislineisnecessaryinordertoobtainthemeximumpossible
refrigeratingeffect.Thisconditionrequiresthattherotorspeedbe
varied,however,therebycomplicatingtheoontrolandtheoperationof
theunit.

Bysacrifidngsaneavailablerefrigeratingeffect,a constanttur-
bineoperatingspeedmaybechosentosimplifythecontrolandtheopera-
tionoftheunit.Theselectionofthisspeeddependsupontheavailable
pressureratio,turbine-inlettemperature,turbine-inletpressure,andthe. requirementsoftheparticularrefrigerationproblem.A nominal.equiva-
lentrotorspeed.of6800qpnwasselectedtosatisfytherefrigeration
demndsfora partioul~applicationatthislaboratory.Athigherpres-. sureratioswithfulladmission,thisspeedliesintherangeofmaximum
efficiencyandrefrigeratingeffect.Operationoftheunitateven
higherpressureratioswith11activenozzlesshowsthatevengreater
temperature&ropswereobtained.Reducingthenumberofactivenozzles
lowerstheefficiencyoftheturbinesothatwithfulladmissiona stiil.ar
trendofincreasedtemperainmedropwithincreasingpressureratiooculd
beexpected.Alsothe6800-rputurbine-speedcurveisslightlytothe
rightofthemaxinnmvaluesofequivalenttemperaturedropcorresponding
toa givenover-allpressureratioandindicatestheturbinespeedof
6800rpmisreasonablyclosetomaximumvaluesofrefrigeratingeffect
atover-allpressureratiosupto4.5. Withturbineoperatingspeed
specified,itwasnecessarytodeterminea methodofcontrolthatwould
allowa widerangeofrefrigeratingeffect.Twomethodsofcontrolwere
investigated,partialadmissionandinletthrottling.
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TurbinePerformancewithPartialAdmission .

Thevariationofequivalenttemperaturedropwithequivalentair-
weightflowfor 14 (fulladmission),il.,8,6,and4 activenozzlesat 8
valuesofover-all pressureratiofrom1.8to7.5anda ncminalequiva-

N

lentrotorspeedof 6800z isshowninfigtare4(a).Adiabatic
tempem.ture-drop-efficiencycontoursm elso”pmented..Atthehigher
over-allpressuremtios,the10ssintemperaturedropincurredby
blockingsuccessivenozzlesisrelativelysmalluptileightnozzles
remainactive.Lossesincurredbyoperatingwithlessthaneightaotive
nozzlesareappreciablylarger.Forthisturbine,efficientoperation
isthereforelimitedtoa minimumofeightactivenozzles.Theseresults
agreequalitativelywithanotherturbinepartial-admissioninvestigation
(reference1). ,

Thevariationinrefrigeratingeffect(Q),airhorsepower,and
temperaturedropwithwe@ht flowforsevemldegreesofpartialadmls-
si.onandvariousover-allpressureratiosispresentedin figure 4(b).
15?cmthisfigure,itisapparentthatbyvaryingthepressureratioand
thenumberofactivenozzlestherefrigerating effeot(orheatextract-
ion)oanbevariedfrom10to665Btupersecofi,theweightflowfran
4.8to24.7poundspersecond,andthetemperaturedropfrom9°to142°R.

Theuseofparttaladmissionsa methodofcontrollingtheair-
weightflowandthetemperatureMop ofthet~binepermitsonlystep-
wiseoperationcorrespondingtowholenumbersofaqtivenozzles.A
mechanicalsystemf6rachievingpartialadmissionwouldberelatively
simpletoapplytotheconfigurationofthispartioul~experimental
unit.Itispossible,however,thatotherconfi~tionswouldoffer
a moredifficmltmechentoalproblem.

TurbineTerformanoewithInletThrottling

Percentageofinletthrottlingishereinafterdefinedastheratio
ofthetotal-pressuredropacsrossthethrottletothethrottleupstream
total pressm’(pS1.pQ2)/p’

1
andover-allpressureratioisdefinedby

P’~/p’3.

.

.

Thevariationinequivalenttemperaturedropwithequivalentair-
wetghtflowforpercentagesof inletthrottlingofO,20,35,50,and63 , –
andforuver-allpressureratiosfran2.Oto6.0ata nminalequivalent
rotorspeedof6800rpmisshowninfigureS(a).Bythrottlingatthe
turbineInlet,a rangeoftemperaturedropandweightflowmaybeobtained
butonlyatthesaorificeofeffi.oientturbineoperation,asindicateuby - -

.
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theadiabatictemperature-drop-efficiencycontours.Forexample,given
anover-allpressureratioof2.4,a changein weightflowfrcm22.9to
8.4poundspersecofiresultsina demeaseintemperaturedropof63.5°R
anda decreaseinadiabaticefficiencyfrcm78toscmewhatlessthan
30percent.Theoomespondingchangeintemperaturedropforpartial
admission(fig.4(a))isonly48.5°R,whichrepresentsa decreasein
efficiencyfrcm78tosli~htlylessthan50percent. Partialadmission
isthereforethemoreefficientmethdofcontrollingtheair-weightflow
andtemperaturedropoftheturbine.

Thevariationinrefrigeratingeffeot(Q),airhorsepower,andtem-
perature&ropwithweightflowforseveralpercentagesofinletthrot-
tlingandover-allpress= ratiosispresentedinfiguzw5(b) ata
ncminalequivalentrotorspeedof6800rp. Ercmfigure5(b),itis
apparentthatby-ryingthepercentageofinletthrottlingti yressure
ratiotherefrigeratingeffectcanbevariedfrcm12to665Btuper
second,theweightflowfrcm4.4to24.7poundspersecoml,andthetem-
peraturedropfromlOOto113°R. Althoughpartialadmissimisthe
moreefficientmethodofcontrollingtheweightflowandthetemperature
dropthroughtheturbine,inletthrottlingdoesnotrequirestep-wise
operationandpresentsno seriousmechanicalproblemh itsapplication
toa unit.

PracticalAspectofOperation

* Becausetheunitwassubmergedinanenvironmentwherethetempera-
turewasaslowas -1400F,someconcernwasfeltforthemechanical
Opsrationoftheunit.Themodification-oftheoilingsystembyadding

. insul.ationandheatexchangerswasadequateto keeptheoilfromfreez- ..
‘fug.Bearingandoiltemperaturesremainedatapproximately140°F.
Examinationof thecomponentprtsoftheunitafter80hoursofopera-
tionrevealedthattheonlyseriousmechanic~problemwasthatofero-
sion.

Pericdicexaminationoftheunitduringtheinvestigationrevealed
thata finemetallicpowderwasbeingcontinuouslydepositedonallsur-
facesinsidethede~ssiontank.QualitAtivechemicalanalysisindi-
catedstrongtracesofmagnesiumwithsmalltzwmesofaluminumandother
metals, Theinitialrateofmagnesium-powderformationwasrelatively
highendappearedtodecreaseastherunningtimeoftheunitincreased.

Photographeoftheturbinerotorandtheturbinecutershroudand
nozzlesareshowninfigure6. Erosionocwrredonthesurfacesthat
appearaslightareasinthesefigures.Thesesurfaceshavethea~ar-. anteofbeingsandblasted.Thepressuresurfaoes of thenozzles were
erodedtoa greatereitentthananyoftheothersurfaoes.

.
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Onepossibleexplanationofthiserosionphenomenonisthatfor ●

mostoftherunningtimetheinletairwassaturatedata pressureof
40inahesofmercuryabsoluteanda tempemtureof8°F. Fora typtc~” -8
pointwiththeseinletconditionsandmaximumweightflow,oalculations, m
whichwerebasedonthemeasuredstatio-pressurevariationalongthe
lengthofa nozzleandintheclearanoespacebetweenthenozzlesand
theturbinerotor,indicatethatapproximately95Tercentofthewater
vaporpresentintheinl.’etairwouldhavesubl~tedorcondensedin
thefomnofminuteiceparticles(calculatedstatictemperatureofthe
airenteringtherotorwasapproximately-680F)beforetheairentered
theturbinerotor.Icepsrtiolesformedinthenozzles,obeyingthe
lawsofmomentum,impingeduponthepressuresurfacesofthenozzles
oausingthemtoerode.Theermiedparticlesfrcxnthenozzlesandthe
icepartiolesweresweptbythe.incmningairstreamtotherotorand
there,becauseoftheirreduoedvelocity,bombardedtherearfaceofthe
rotorblades.Someofthese~rtioleswerethrownbaokintothenozzles$
intensifyingtheerosionalready~esentand-theremainaer@ssedthrough
therotor,cutoftheunit,andintothedepressiontank.Thisreasoning
doesnotexplainwhytherateoferosiondecreasedwithrunningtime;
however,thesamephenomenonofa aecreaseinerosionratehasbeen
observedinthe“wet”stagesofsteamturbines(reference2).

Ift,kpremiseisacceytedthattheerosionwasprincipallycentered
inthenozzles,itwouldbepossi~letocoatthenozzles~faoeswith
anerosion-resistantsubstancesuchasrubberandthusmintiizethe
effeotsoferosion. *

SUMMARYOFRESULTS “
“. Frcznaninvestigationtodeterminethefeasibilityofoperatinga
centrifugalcompressorasa radialcentripetalrefrigerationturbine,
thefollowingresultswereobtained:

1. Operationofa centrifugal compressorasa oentri.petalrefrigera-
tionturbinewithreasonableefficiencywasfeasible..

2.A oamparisonofpartialadmissionandInletthrottlingasa
methtiforcontroloftheunitindioatedthatpartialadmissionwasthe
moreefficientmethod,whereasinletthrottlingwasthesimplertoapply.

.

.
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3.Thenozzlesshouldhaveerosion-resistantsurfacestominimize
anerosioneffectonthenozzlesandtherotor.

LewisFlightpropulsionLaboratory,
NationalAdviso~CommitteeforAeronautics,

Cleveland,Ohio.
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.

Figure3. - Twbineperformanceatvsriousnominalequivalentrohr
speeds.“Inlet-airtemperature,h680R;Inlet-airpressure,
40inchesmercuryabsolute.
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